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Researches in the field of pottery production technology in ancient times, done in different settlements during the same
period, may contribute to know relationships established within the different cultural communities. In ancient times, Anatolia
(Asia Minor) was the crossroads of ancient civilizations. There are several ancient settlements and artifacts belonging to
Hellenistic culture (330-30 BC). West Slope wares from Dorylaion (Eskigehir/Turkey) excavations are the main Hellenistic
culture findings. In this study, different analytical techniques were employed for the characterization of these findings
in order to enlighten the pottery production technology. Wavelength dispersive X-ray fluorescence (WDXRF) and X-ray
diffraction (XRD) were employed to study the chemical and mineralogical composition of the bodies, respectively. Scanning
electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX) were also performed for the microstructural and
microchemical characterization of body and slip layers of the selected potsherds. The raw materials used, firing temperatures
and atmosphere and related microstructural characteristics were discussed.
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Investigacion sobre la tecnologia de produccién de utensilios tipo “West Slope” procedentes de Dorylaion (Eskisehir/ Turquia)

Lainvestigacion de la tecnologia utilizada por distintas civilizaciones en la produccién de piezas cerdmicas encontradas de un
mismo asentamiento arqueolégico, puede contribuir al conocimiento de relaciones establecidas entre distintas comunidades
culturales. Anatolia (Asia Menor) es considerada una importante encrucijada de antiguas civilizaciones que abarcan del
Periodo de Bronce al imperio Otomano. Las piezas conocidas como West Slope son los principales restos de la cultura
helenistica (330-30 A.C.) encontrados en las excavaciones de Dorylaion (Eskisehir/ Turquia). En este estudio, diferentes
técnicas analiticas han sido empleadas en la caracterizacién de estas piezas, a fin de dilucidar la tecnologia utilizada en
su producién.. Fluorescencia de rayos X por onda dispersa (WDXRF) y difraccién de rayos X (XRD) fueron empleados
para estudiar las composicién elemental y mineraldgica de las piezas, respectivamente. Microscopia electrénica (SEM) y
espectrometria de rayos X de energia dispersiva (EDX) fueron a su vez utilizadas para la caracterizacién de microquimica y
microestructural de los fragmentos seleccionados. Las materias primas utilizadas, temperaturas y atmésfera de coccién, y las
caracteristicas microestructurales son discutidas en este trabajo.

Palabras clave: Articulos occidentales, Caracterizacion, Microestructura, Arqueometria, Cerdmico.

1. INTRODUCTION

Pottery production in ancient times was widespread due to
the ease of production than metallic wares and being owned
easily by ordinary people. Production of black and glossy West
Slope wares may be considered an imitation facility of metallic
wares in Hellenistic period (330-30 BC). “West Slope” ware
is named from early findings made on the west slope of the
Athenian Acropolis. It is a class of Hellenistic pottery that is
essentially black glazed with relief and polychrome decoration.
Probably, these wares were very fashionable cups within the
Mediterranean basins during the Hellenistic period [1-3].

There were important Hellenistic settlements in Anatolia
(Asia Minor) during that period. Dorylaion was one of them.
Dorylaion is located about 3 km north-east of Eskigehir
(Turkey) and it is called Sarhéyiik today (Figure 1). Dorylaion
was at the junction of some of the most important roads of
the central Anatolia leading to Marmara Sea, Aegean coast
and the Mediterranean region. Regular excavations have been

carried out at Dorylaion since 1989 by a team from Anadolu
University in order to unearth the remnants of several
civilizations lived there. These excavations have brought to
light a wide variety of material revealed from the cultures of
Ottoman, Byzantine, Roman, Hellenistic, Classical Phrygian,
Hittite and First Bronze Period.

Fig. 1. The location and an aerial photo of Dorylaion.
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It is believed that the characterization of West Slope
wares found at Dorylaion may contribute to know better
pottery production technology and its spreading areas during
Hellenistic period. Thus, different analytical techniques were
performed for the characterization of West Slope wares.
Wavelength dispersive X-ray fluorescence (WDXRF) and
X-ray diffraction (XRD) were employed to study the chemical
and mineralogical composition of the bodies, respectively.
Scanning electron microscopy (SEM) and energy dispersive
X-ray spectrometry (EDX) were also performed for the
microstructural and microchemical characterization of body
and slip layers of the ceramic pieces.

2. MATERIALS AND METHODS

Twenty two West Slope wares were representatively
chosen for the study. The images of some selected West Slope
wares (designated as B) are shown in Figure 2. Potsherd types
are the handles and the rim of the wares. Their colors are
orange, red, brown and black. There are also some plants or
figurative decorations. The bodies are a buff or light brown
color and have a homogeneous fine-grained texture.
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Fig. 2. The images of some selected West Slope wares (designated as B).

Fine powders were prepared in an agate mortar after
abrading the slip layers of the potsherds in order to be
analyzed by WDXRF and XRD techniques. Rigaku ZSX
primus and Rigaku Rint 2200 powder diffractometer with
Cu Ka radiation was used for WDXRF and XRD analyses,
respectively. Glass tablets were prepared by fluxing for the
analysis with a ratio of 1/10 powder to Li,B,O,in weight to
study chemical analysis of major and minor elements of the
potsherds. XRD patterns were obtained by scanning 5° to
70°20, with a goniometer speed of 2°/min., operating at 40
kV and 30 mA. The bulk samples from the potsherds were
cross-sectional impregnated with polymeric resin in vacuum
and then polished to obtain flat surfaces to investigate
specifically in back-scattered electron (BSE) mode. In order to
prevent charging under electron beam, samples were coated
with Au/Pd target material. A Zeiss Evo 50EP scanning

electron microscopy (SEM) attached with Oxford instruments
energy dispersive X-ray spectrometry (EDX) was used for the
microstructural and microchemical characterization.

3. RESULTS AND DISCUSSION
3.1. WDXRF Results

There are different analytical techniques for chemical
analysis such as optical emission spectrometry (OES), X-ray
fluorescence (XRF), neutron activation analysis (NAA),
particle induced X-ray emission (PIXE), atomic absorption
spectrometry (AAS) and inductively coupled plasma (ICP)
[4]. Major, minor and trace elements detected in the samples
may be an indicative results for provenance studies. This
study focuses on the technological properties of the potsherds.
Therefore, WDXRF analyses of the sherds were performed in
semi-quantitative scale and trace elements in ppm amount
were not considered exactly here. The similarities and
differences of the sherds in major and minor scale of elements
and relations to mineralogical content were discussed.

Samples have different chemical composition in terms of
the raw materials used for their production. The relation to SiO,
and CaO in the results is important for the indication of siliceous
and calcareous mineralogical assemblages used for the bodies.

TaBLE I. WDXRF RESULTS OF SOME WEST SLOPE WARES.

Experimental code

Calcium rich Calcium poor

Oxide 5, B7 B2 B23 B22 B18
(wt. %)

SiO, 5299 5236 5214 5801 5857 6185
ALO, 1738 1567 1669 2484 2429 1981

Fe,O, 7.96 8.76 7.77 5.79 5.72 6.72
MgO 498 4.57 4.80 1.50 1.44 2.79
Na,O 0.90 0.97 0.94 1.56 1.37 1.53
K,O 4.41 423 4.63 5.49 5.97 3.92
CaO 9.99 11.44 11.61 1.42 1.44 2.09
TiO, 0.87 1.06 0.83 0.82 0.80 0.90
PO, 0.15 0.15 0.20 0.08 0.09 0.09

SO 0.02 0.05 0.04 0.02 0.02 -

3

Cr,0 0.05 0.08

273

0.05 - - -
MnO 0.13 0.15 0.11 0.10 0.13 0.14
NiO 0.04 0.04 0.04 - - 0.02
CuO 0.02 0.03 0.02 0.02 0.02 0.02
ZnO 0.01 0.03 0.04 0.03 0.03 0.02
As,O, - - - 0.01 - -
Rb,0 0.04 - 0.03 0.06 0.05 0.04
SrO 0.03 0.03 0.03 0.02 0.02 0.02
ZxO, 0.02 0.02 0.02 0.03 0.03 0.03
BaO - 0.36 - 0.20 - -

(-) : Not detected or below the detection limit
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Some of the samples have higher amount of CaO. This indicates
that calcareous raw materials were also used for the production
besides siliceous raw materials. WDXRF results of selected
calcium rich and calcium samples are given in Table I.

CaO changes between 1.42 and 11.61% while MgO changes
between 1.44- 6.23%. It may be considered that the source
of CaO is not only dolomitic materials but predominantly
the calcareous materials. Binary plot (Figure 3a) shows the
correlation between CaO and MgO for all the samples. The
correlation coefficient (R) is a measure of how much linear
relationship exists between the values for the two variables.
The coefficient of determination (R?)is a measure of how well
the regression line represents the data. It would be close to 1,
if the variance for CaO approached to variance in MgO. The
relationship is more evident for AL,O, and K,0. KO usually
originates from either feldspar or clay. Both cases require a
linear increase or decrease in the amount of A1L,O, and K,O. R?
for ALO, and K,O is stronger than the relationship between
CaO and MgO (Figure 3b).

K,O mass percent varies between 2.91 - 5.97%. It changes in
moderate range while Na,O varies between 0.73 - 2.28%. These
alkali contents should be supplied by especially feldspathic
contents, principally K-feldspars. As known, alkaline and earth
alkaline oxides may act as fluxes and promote neo-mineral
formation at lower sintering temperatures, respectively. The
highest total alkaline and earth alkaline amounts were found
in B2 sample. Iron oxide, expressed as Fe,O,, changes from
5.72 to 12.91% and it should be the principal colorant for the
bodies.
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Fig. 3. Binary oxide plots showing the correlation between (a) CaO and
MgO and (b) Al,O, and K,O for all the samples.

A.ISSI, A. KARA

3.2. XRD Results

XRD results showed different mineralogical contents.
Identified minerals are quartz (SiO,), plagioclase [(Na,Ca)
AlSi,Q,], alkali feldspar (KAISi,O,), illite/ muscovite [(K,H,O)
A1,Si,AlO, (OH),]/[(K,Na)(Al,Mg,Fe),(Si, Al, )0, (OH),
potassium mica (KALSi,O, ), magnesiohornblende [(Ca,Na)

3773711

,.Mg,Fe,Al), | (Si,Al),O,,(OH),], anorthoclase [(NaK)(Si,Al)
O,l, lepidocrocite [FeO(OH)], hematite (Fe,O,), hercynite
(FeAlL,O,), calcite (CaCO,), gehlenite (Ca,ALSiO,), diopside/
augite [Ca(Mg,Al)(Si,Al),O,]/[Ca(Mg,Fe)Si,O,]. The absence
or presence some minerals/phases in the bodies are related
to the temperature exposed. Some relevant studies in the
literature may help to estimate the firing temperature of a
potsherd. Structure of clay minerals illite/ muscovite break
down in the range of 900-1000°C [5-8]. If the firing temperature
does not exceed this range, these minerals still continue
to exist as components of the body. For further stages of
firing temperature, from destruction of illite, an intermediate
phase between spinel (MgO.AlO,) and hercynite (FeO.ALO,)
originates [9]. The formation of spinel phases is affected by
the presence or absence of interlayer cations, substitutional
impurities and accessory minerals in clays [10]. Calcite
decomposition into CaO and CO, begins around 750°C and
it is completed up to a temperature of 900°C. Although,
Trindade et. al. concluded that decarbonation of calcite may
extend to 1100°C for calcite rich systems [11]. However,
secondary calcite may take place in ceramics as a result of
post-burial deposition processes due to recarbonation of
lime [5]. Dolomite decomposition begins around 650°C into
calcite and MgO. Identification of calcite as a transient phase
at this stage is, however, difficult by conventional diffraction
methods [12]. Decarbonation of dolomite is completed up
to 750-800°C [7]. CaO is a highly reactive oxide and reacts
with silica and forms wollastonite around 850°C. Gehlenite
may be formed at 850°C with the reaction of CaO and illite.
Pyroxenes like diopside and augite may be generated from
dolomite and silica reactions at 800-900°C [13]. Moreover,
these neo-mineral formation temperatures may be affected
by firing type such as pit or kiln firing. For instance; calcite
decomposition ends around 825°C in kiln firing but it tends
to 875°C in pit firing conditions [14]. Quartz and feldspars
are the most abundant residual components of such kind
of products which can persist up to 1000°C [15]. These
reactions, of course, are related to temperature, soaking time
at peak temperature, abundance and the type of minerals/
phases present, atmosphere, pressure, specific surface area of
components, and, etc. The results of XRD and estimated firing
temperatures of the potsherds are given in Table I

Group A is a cluster of illitic/micaceous and iron rich
siliceous clay contents. Group B differs from group A with its
calcareous content and group C with its dolomitic content.
Group BC is a mixture of these groups. But, group D with its
only one sample, B8, has different mineralogical assemblages
from the others. The subgroups were generated from the
mineralogical assemblage difference in the groups and there
is a tendency for higher firing temperature requirement
between the subgroups. For example, the difference between
BC1 and BC2 originates from the absence of dolomite in
the subgroup BC2. Dolomite first decomposes into calcite
and MgO, as previously expressed. The other minerals/
phases are the same. Calcite in the subgroup BC2 may be
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an end product of dolomite decomposition. Therefore, the
subgroup BC2 requires relatively higher firing temperatures
than BC1 for its minerals/phases. It should also be noticed
that estimation of firing temperatures were evaluated
as the maximum temperatures reached during firing for
the potsherds considering the presence of new mineral/
phase formations and excluding the presence of some trace
amounts of primary minerals such as dolomite in C and
BC groupings. This should be the reason of different firing
temperatures reached inside the potsherds during firing
[16].

Fragments with clay minerals should not have exceeded
900-950°C while calcitic or dolomitic bodies have lower
temperatures of 850-900°C for the decarbonation. Pieces
without clay minerals and carbonated minerals should
have reached the temperatures of 900-1000°C. The bodies
with clay minerals and/or carbonated minerals have been
inferred to lower temperatures in a range of 600-700°C.
The decomposition of carbonated minerals was confirmed
with TG-DTA analyses. The results of TG-DTA analyses
supplied some information to firing temperatures but these
techniques always need other comparative results.

Lepidocrocite readily transforms into hematite around

the temperature of 500°C [17]. For this reason, sample coded
as D1 may be concluded as it was fired in the lowest firing
temperature. Hematite, which was observed in almost all
the body samples, may be considered as an indication that
firing atmosphere was finalized in oxidative condition.

Clay deposits may include some non-plastic materials
like quartz, feldspars and iron compounds. Non-plastic
materials may be natural compounds of the clays or they
may be used as additional materials. The addition of temper
materials such as siliceous raw materials, shells or crushed
potsherds may be found in several artifacts [15]. Temper
materials may improve the mechanical properties of the
pots during both shaping and firing processes. Especially,
calcareous materials may contribute to preserve the desired
shape after forming [18]. All the potsherds do not have any
calcareous materials. Probably, the change inside or between
the clay deposits should have determined the type of raw
materials used for production.

3.3. SEM-EDX Results

Microstructural characteristics were examined with
SEM in order to obtain detailed information. Chemical

TABLE II. XRD RESULTS OF THE POTSHERDS AND ESTIMATED FIRING TEMPERATURES.

0 c Estimated firing
Group Code Minerals/Phases Experimental code temperature (°'C)
A1l quartz, alkali feldspar, plagioclase, illite/ muscovite, hematite B1 600-700
quartz, alkali feldspar, plagioclase, potassium mica, g
A2 illite/ muscovite, hematite B23 600-700
A
A3 quartz, alkali feldspar, plagioclase, hematite B3, B5, B6, Bl1, 900-1000
B12, B18
A4 quartz, alkali feldspar, plagioclase B9 900-1000
A5 quartz, alkali feldspar, plagioclase, hercynite, hematite B22 1000-1050
B B1 quartz, alkali feldspar, plagioclase, calcite, illite/ muscovite, hematite B10 600-700
quartz, alkali feldspar, plagioclase, dolomite, g
a diopside/augite, illite/muscovite, hematite B16 850-900
C
2 quartz, alkaél' feldspar, an_orthoclasg plagioclase, B4, B7 900-1000
iopside/augite, hematite
quartz, alkali feldspar, plagioclase, dolomite, g
BC1 diopside/augite, gehlenite, illite/ muscovite, hematite B2 800-850
quartz, alkali feldspar, plagioclase, calcite, g
BC2 diopside/augite, gehlenite, illite/ muscovite, hematite B13, B15 800-850
quartz, alkali feldspar, plagioclase, dolomite, g
BC BC3 diopside/augite, gehlenite, illite/ muscovite, hematite B17 800-850
BC4 quartz, alkali feldspar, Plagioclasg, diopside/augite, Bl4 900-1000
gehlenite, hematite
quartz, alkali feldspar, anorthoclase, plagioclase, g
iopside/augite, gehlenite, hematite
BC5 diopside/ augite, gehlenite, h ¢ B21 900-1000
BCeé quartz, alkali feldspar, anorthoclase, plagioclase, diopside/augite B20 900-1000
D D1 quartz, alkali feldspar, plagioclase, magnesiohornblende, BS <500

illite/ muscovite, lepidocrocite, hematite
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B8
Oxide | wt. % compositions of the body and slip layers were also analyzed

Si0, 49.62 by EDX. In general, EDX results of the bodies were
similar to WDXRF results in the composition of major and
minor elements with a predictable deviation caused by

ALO; 31.29

ii;%‘ -:::2 inhomogeneous grain distribution on the cross sectional
Na.O 334 area of the potsherds investigated. Slip layers principally
K;.O 528 have an iron rich composition with different elements. The
Ca0 0.08 minimum and maximum iron oxide amounts in weight
Tio. 032 (%) are in the samples designated B8 and B23, respectively.

Back-scattered electron (BSE) images of B8 and B23 and
semi-quantitative EDX results of their slip layers are given
B23 in Figure 4 (a) and (b).

Oxide wt. % . .
S0 8 The slip layers have a dense microstructure and are
AII()Z 3;}'84 easily distinguished from the body layer of the potsherds.
= - Some slip layers include pore structures inside. These pores
Fe, 03 | 2092 . . .
should have been originated from the use of organic materials
MgO 1.42 L . . .
o v in slip batches. There are also some residual minerals inside
2 - the slip layers. Iron oxide was expressed as Fe,O, for the
K0 237 EDX results. Its amount changes between 7.48-20.92% for
Ca0O 0.16 . . . .
o 059 the slip layers. The type of iron oxide determines the color of
: - the slip layer. Hematite, maghemite and magnetite minerals
Fig. 4. Back-scattered electron (BSE) images of (a) B, (b) B23 and semi- in the slip layer and their characteristics were discussed in a
quantitative EDX results of the slip layers. previous study [19]. K,O is higher than the other alkali and

earth alkali elements. It indicates a typical iron rich clayey
batch. Pottery fragments should have been buried more than
2000 years, but they are still durable. Slip layers should have
principally similar thermal expansion coefficients to the
body layers since almost all the slip layers have no cracks or
spalling. The thickness of slip layers change between from
5 to 40 ym. They might have been applied to body surfaces
in the form of suspension. They have nearly the same
elemental composition but different in colors. It shows that
the redox conditions of the kilns in which they were fired

= . .
@ (b) could be adjusted [20, 21].
Fig. 5. (a) BSE image showing progressive welding behavior between clay Some interactions occur in the structure of clay based
matrix and grains related to temperature of firing of B4 sample and (b) BSE systems with the increasing temperature. Some of them
image of B8 sample deduced with a low firing temperature. are welding between clay matrix and mineral grains, shape

changes of mineral phases, an increase of the aggregation
rate within the clay matrix with the formation of secondary
porosity and intergranular bridges [22]. BSE images of the
potsherds at different magnifications concluded the effects
of firing on the microstructures. Atomic contrast both
between the matrix components and at the rims of the grains
can be noticed easily in this mode. It is evident that there
is a progressive welding behavior between clay matrix and
grains related to temperature of firing of B4 (Figure 5 (a)).
Rounded pores may also be assigned as the indication of the
e vitrification degree in the microstructure. Lower sintering
Fig. 6. BSE image of neo-mineral formation of pyroxenes for B20 sample. temperature should have not made an impressive change
such as the microstructure of B8 sample (Figure 5 (b)).

Small crystallites of Ca, Mg and Fe rich alumina silicates
observed at higher magnifications in a siliceous grain in
Figure 6 and at the rim of another siliceous grain may be
inferred as the neo-mineral formation of pyroxenes related
with firing temperature reached for B20 sample.

B11 sample was believed to be made of siliceous clay.
Some of the effects of firing temperature observed in Figure
7 are the intergranular bridges between both quartz (a) and
feldspar (b) grains. EDX spectrum from the grain indicates a
multi elemental composition (Figure 7 (c)). This constitution

Fig. 7. Some of the firing temperature effects on the microstructure of should be a new grain formation from partially vitrified
B11 sample. matrix components.
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4. CONCLUSIONS

The West Slope wares from Dorylaion were produced with
different clays including siliceous, calcareous, dolomitic and
also a mixture of these raw materials. They probably were
applied with an iron rich clayey suspension. These ceramic
wares were exposed to different firing temperatures. Different
colors among slip layers concluded that the firing atmosphere
could be adjusted. Black and glossy wares without cracks or
spalling showed that Hellenic potters were experienced in
production. These results and potsherd characteristics need to
be compared with other Hellenistic settlements with a view to
understand the scale of pottery production technology during
the Hellenistic period.
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